Transition-metal-catalyzed C--H bond functionalization for construction of new C--C bonds in a selective and controlled manner is an actual challenge in organic synthesis and has received significant attention in recent years.^[@ref1]^ Despite notable progress in this area, more practical and general applications of aryl C--H bond activation still rely on the assistance of a heteroatom-based neighboring functional group, which often is difficult to remove or modify.^[@ref1]^ However, an atom-economic approach would be to utilize a directing group directly involved in the functionalization in a tandem fashion, which intramolecularly induces an activation of the *ortho* arene C--H bond and leads to a carbocyclization.^[@ref2]^

Transition-metal-catalyzed oxidative carbocyclizations have been identified as potential technologies for designing more complex structures occurring in various biologically active natural products and pharmaceuticals.^[@ref3]^ During the past decade, we have developed a number of highly regio- and stereoselective palladium-catalyzed oxidative carbocyclizations of enallenes, dienallenes, allenynes, and enynes.^[@ref4],[@ref5]^

Some time ago we reported on the intramolecular Pd(II)-catalyzed oxidative carbocyclizations of dienallenes for the stereospecific formation of bicyclic systems ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a).^[@ref5]c,[@ref6]^ A detailed mechanistic study revealed the participation of a (π-allyl)palladium species, which is attacked by a nucleophile to furnish the product. More recently we have also developed a novel Pd(II)-catalyzed oxidative acetoxylation/carbocyclization protocol for allenynes to form acetoxylated vinylallenes in a one pot operation ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b).^[@ref7]^

To date, no carbocyclization process^[@ref8]^ is known where an allene moiety acts as directing group for intramolecular aryl sp^2^ C--H bond activation. We have now developed an oxidative palladium-catalyzed protocol for tandem acetoxylation/carbocyclization of arylallenes **1**, where the allene moiety forms a new C--C bond with the aryl via a sp^2^ C--H bond activation ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c).^[@ref9]^

In our initial investigations we choose arylallene **1a** as model substrate for the tandem carbocyclization/acetoxylation reactions using 5 mol % of Pd(OAc)~2~ in the presence of 1.5 equiv of *p*-benzoquinone (BQ) in acetic acid at 60 °C. Under these conditions the desired carbocyclization product was obtained in 24% yield ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). An increase of the catalyst loading to 10 mol % of Pd(OAc)~2~ proved beneficial and afforded a 45% yield of **2a** along with 18% yield of dimer **3a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 2).
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We next studied the influence of different Pd-salts and additives on the model reaction. Use of other Pd(II)-salts, such as the White catalyst (\[1,2-bis(phenylsulfinyl)ethane\]palladium acetate), PdCl~2~, or Pd(TFA)~2~ did not lead to any improvement of the yield of **2a**, whereas Pd(acac)~2~ resulted in a promising yield of 46% of **2a** together with 16% yield of dimer **3a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 3--6). We therefore studied the influence of different additives on the carbocyclization reaction using Pd(OAc)~2~ as catalyst. Application of acridine (**L1**), triphenylphosphine (**L**), or racemic BINOL−phosphoric acid (**BPA**) inhibited the reaction ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 7--9, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf) (SI) for details).

On the other hand, the use of 2 equiv of dimethyl sulfoxide (DMSO) as additive in combination with Pd(OAc)~2~ enhanced the formation of product **2a** (60% yield) while inhibiting the formation of the dimeric byproduct **3a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 10 and 11). Various electronically and sterically different DMSO derivatives were tested, which showed that DMSO was the best sulfoxide for this carbocyclization reaction ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)). The oxidant also plays a crucial role for the selective Pd-catalyzed carbocyclizations. The use of different oxidants such as PhI(OAc)~2~, a series of substituted benzoquinones, or various metal salts (CuCl~2~, Cu(OAc)~2~, AgOAc, and Ag~2~O) in the presence of catalytic amounts of Pd(OAc)~2~ proved to be inefficient ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)). These studies show that BQ is the optimal oxidant and use of 1.7 equiv of BQ in combination with 2 equiv of DMSO and 10 mol % of Pd(OAc)~2~ in acetic acid afforded 62% isolated yield of **2a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 12). The use of Pd(acac)~2~ as catalyst under these conditions gave a lower yield ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 13).

###### Optimization Studies for Palladium(II)-Catalyzed Oxidative Carbocyclizations[a](#t1fn1){ref-type="table-fn"}
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Reaction conditions: **1a** (0.1 mmol), Pd-cat (5--10 mol %), additive (0.2 equiv), AcOH (1 mL), 60 °C.

Yield was determined by ^1^H NMR spectroscopy using mesitylene as internal standard. Parentheses represent the isolated yield. Product ratio was determined by ^1^H NMR spectroscopy using mesitylene as internal standard.

White catalyst.

Reaction at 25 °C.

Reaction at 40 °C.

Reaction at 80 °C. **L** = triphenylphosphine, **L1** = acridine. **BPA** = BINOL−racemic phosphoric acid.

Surprisingly, under the optimal reaction conditions, examination of different cosolvents (THF, 1,4-dioxane, 1,2-dichloroethane, acetonitrile and toluene) showed that the use of acetic acid as the sole solvent is crucial for the carbocyclization/acetoxylation of **1a** to occur ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 12 and [Table S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)).

Variation of the reaction temperature proved that 60 °C is the optimal temperature for this protocol ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries, 12, 14--16). Control experiments showed that removal of either Pd(OAc)~2~ or BQ completely stopped the reaction ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entries 17--18).

After having established the optimized reaction condition, we next explored the scope of the Pd(II)-catalyzed tandem acetoxylation/carbocyclizations of arylallenes **1** ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Arylallenes with *m*-Me- or *p*-Me-substituents on the aromatic ring afforded 56 and 62% yield of **2c** and **2d**, respectively. However, *o*-Me-substituted arylallene resulted in a lower yield of **2b**, which may be due to steric effects. The introduction of electron-donating substituents led to a decrease in the efficiency of the reaction (**2e**, **2f**, and **2g** vs **2a**). Interestingly, in the case of *m*-OMe-substituted arylallene a mixture of two different regioisomers in a 6.5:1 ratio was formed. Coordination of the neighboring OMe-group should facilitate the formation of the intermediate Pd-species that leads to **2e**.

###### Pd(II)-Catalyzed Tandem Oxidative Acetoxylation/Carbocyclization of Arylallenes[a](#t2fn1){ref-type="table-fn"}^,^[b](#t2fn2){ref-type="table-fn"}
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Reaction conditions: **1a** (0.2 mmol), Pd-cat (10 mol %), DMSO-*d*~6~ (0.4 equiv), BQ (1.7 equiv), AcOH (2 mL), 60 °C.

Isolated Yield.

Pd-cat (20 mol %) was used.

Product ratio was determined by ^1^H NMR.

Arylallenes with electron-withdrawing substituents on the aromatic ring such as F, CF~3~, or an ester substituent improved the catalytic performance of the system leading to yields up to 73% (**2h**--**2m**). The reaction of naphthalene-derived substrate **1n** afforded 45% isolated yield of **2n**, whereas, the analogous phenanthrene derivative **1o** was completely unreactive (**2o**). Furthermore, reaction of functionalized arylallene with dibenzyl ether (**1q**) resulted in a moderate yield of the carbocyclization product **2q**, while the corresponding diol derivative **2p** was found to be unreactive, probably due to coordination of the free alcohols to Pd. Also other substituents on the allene moiety worked (**1r** and **1s**) and **2r** and **2s** were obtained in 48 and 54% yield, respectively.

To gain more insight into the mechanism of the carbocyclization reaction, deuterium kinetic isotope effect (KIE) studies were performed.^[@ref10]^ To investigate whether there is a deuterium KIE, we initially studied the parallel oxidative carbocyclization reactions of arylallenes **1a** and **1a-*****d***~***5***~ under the standard catalytic conditions of [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, for 1 h. The progress of the reactions was monitored by ^1^H NMR in different time intervals (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf) for details), and for these studies deuterated acetic acid (CD~3~COOD) had to be used as solvent. The individual parallel experiments revealed that **1a** and **1a-*****d***~***5***~ react with almost equal rates (*k*~H~/*k*~D~ ≈ 1, *k*~H~/*k*~D~ \< 1.2, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} and [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)). These experimental findings prove that C--H bond breaking is not the rate-determining step in the oxidative carbocyclization reaction. The lack of kinetic isotopic effect is in contrast to the large isotope effect usually observed in similar kinds of C--H activation processes reported in the literature.^[@ref11]^ This observation suggests that the present tandem acetoxylation/carbocyclization follows a different mechanism compared to those previously reported. A competitive experiment was also performed using a 1:1 mixture of **1a** and **1a-*****d***~***5***~ under the optimized reaction conditions in deuterated acetic acid. The reaction was monitored by ^1^H NMR for 1 h, and the observed product ratio **2a**-***d***~**3**~/**2a-*****d***~**7**~ was 1.04/1 at 22% combined yield which gives *k*~H~/*k*~D~ = 1.05 ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). To rule out a reversible C--H bond activation^[@cit1a]^ with an equilibrium isotope effect, we showed that no hydrogen--deuterium exchange was observed when nondeuterated acetic acid (CH~3~COOH) was used as solvent in the acetoxylation/carbocyclization of the deuterated substrate **1a-*****d***~***5***~ under the standard conditions. The negligible isotope effect and the lack of deuterium scrambling show that there must be an irreversible step before the C--H bond cleavage.
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To exclude the possibility of the involvement of the dimethyl unit of the allene in the carbocyclization process, the hexadeuterated arylallene **1a-*****d***~**6**~ and **1a** were allowed to react in separate experiments. As expected, no deuterium isotope effect was observed showing that C--H bond breaking is not involved in the carbocyclization process (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)). A competitive experiment using a 1:1 mixture of **1a** and **1a-*****d***~**6**~ under the standard reaction conditions gave *k*~H~/*k*~D~ = 1.2 ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}).
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Interestingly, there was a large deuterium isotope effect for the formation of the dimer in the competitive experiment in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}. The dimers **3a-*****d***~**0**~, **3a-*****d***~**5**~, and **3a-*****d***~**10**~ were formed in a ratio of 1.00:1.01:0.13, and this ratio gives an isotope effect *k*~H~/*k*~D~ = 7.2 ± 0.8 for the first step of the dimer formation (**A** → **D**, [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}).^[@ref12]^
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On the basis of the above experimental findings, a probable mechanism for the tandem acetylation/carbocyclizations of arylallene **1** is proposed in [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}. Initial allene activation by Pd(OAc)~2~ is expected to form intermediate chelate complex **A**, which is followed by nucleophilic attack by acetate on the coordinated allene. This attack leads to formation of vinyl Pd(II)-intermediate **B**. Subsequent acetate-assisted C--H activation^[@cit1a]^ of the *ortho* arene C--H bond via **TS**~**B--C**~ with concomitant loss of HOAc would generate intermediate **C**. A reductive elimination from **C** would give product **2** and Pd(0). The latter is reoxidized to Pd(II) by BQ, which closes the catalytic cycle. The observation that electron-deficient aryls react faster than electron-rich ones is in accordance with a C--H activation via a concerted metalation-deprotonation pathway.^[@cit1d],[@ref13],[@ref14]^

This mechanism is supported by the fact that no KIE was observed according to [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. Also, allene attack on Pd(II) in intermediate **A**, would generate vinyl Pd(II)-intermediate **D**. Insertion of the allene of another molecule of **1** into the palladium−carbon bond of **D** would give a (π-allyl)palladium intermediate (see [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)), which on β-elimination would generate dimer **3**. Apparently, intermediate **D** undergoes dimerization faster than cyclization.

According to the mechanism in [Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"} there are two competing pathways leading to either product **2** or dimer **3**. To validate the presence of competing pathways, the carbocyclization reaction of **1a-*****d***~**6**~ was run under the standard conditions of [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The product **2a-*****d***~**6**~ was obtained in 83% NMR yield, and the formation of dimer was suppressed (\<1% dimer **3a-*****d***~**10**~) (see [SI](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf)).

In conclusion, we have developed a novel and efficient oxidative Pd(II)-catalyzed tandem acetoxylation/carbocyclization of arylallenes to access synthetically important functionalized indene frameworks. Notably, it was found that the allene moiety can function as a potential directing group and assist the activation for a challenging *ortho* arene C--H bond activation in a tandem carbocyclization process. Measurements of deuterium kinetic isotope effects suggest that C--H bond breaking is not the rate-limiting step and that the acetoxypalladation of the allene moiety is the first irreversible step. Further studies on the tandem carbocyclization mechanism are ongoing in our laboratory and will be reported in due course.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.5b06068](http://pubs.acs.org/doi/abs/10.1021/jacs.5b06068).Experimental details ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06068/suppl_file/ja5b06068_si_001.pdf))

Supplementary Material
======================

###### 

ja5b06068_si_001.pdf

^†^ These authors contributed equally.

The authors declare no competing financial interest.

Financial support from the European Research Council (ERC AdG 247014), the Swedish Research Council, and the Berzelius Center EXSELENT is gratefully acknowledged.
